Estimation of wall strength of the aortic aneurysms is necessary for the prediction of their rupture risk. We previously found a significant correlation between their tensile strength σ MAX and a yielding parameter τ σ , which is the stress when tangent elastic modulus reaches at 63% of the plateau level. This may indicate that the wall strength is estimated from their pressure-diameter relationship. Here we show a possible mechanism of the correlation between τ σ and σ MAX by focusing on alignment of collagen fibers. Thin (150-µm) slices of porcine thoracic aortas were uniaxially stretched in circumferential direction until failure under a microscope, and a retardance, a phase shift when polarized light passes through a birefringent material, was measured as the degree of collagen fiber alignment. Strength σ MAX correlated significantly with τ σ as obtained previously. The retardance increased with the increase in the stress and reached a plateau at the stress σ Ret-plateau , indicating that σ Ret-plateau is the stress at which most of the intramural collagen fibers have aligned. The stress σ Ret-plateau correlated significantly with τ σ and both parameters has similar values. This may indicate that the aortic wall yields when all of collagen fibers become straight. Smaller σ Ret-plateau means that most collagen fibers are stretched and loaded at smaller stress, resulting in failure at smaller stress. This seems to be a reason for the significant correlation between τ σ and σ MAX .
Introduction
The aortic aneurysm, a local dilatation of the aorta, tends to expand gradually and sometimes result in a fatal rupture. From the viewpoint of the material strength, large diameter is associated with a high risk of rupture because large diameter causes high stress to aneurysmal tissues based on the Laplace's law. In clinical practice, aneurysms larger than a critical value, ~50 mm for example, are repaired to prevent them from causing serious events. However, rupture of aneurysms smaller than the critical diameter has been reported. (1, 2, 3) Therefore, more reliable parameters to predict their risk of rupture have been required.
The rupture should occur when the stress applied to the aneurysm wall exceed its strength. Since stress is relatively low in the smaller aneurysms, their rupture (1, 2, 3) indicates weakening of aneurysmal wall. Mechanical tests of aneurysmal walls in vitro have shown that the walls of aneurysms were more heterogeneous than those of normal aorta and tensile strength of aneurysmal walls were broadly ranged. (4) For the prediction of risk of aneurysm rupture, therefore, local strength of aneurysmal wall should be obtained. The maximum tangent modulus of stress-strain curve of aneurysmal tissues correlated significantly with their tensile strength. (4, 5) An increase in aneurysmal distensibility over time was associated with a significant reduction in time to rupture. (6) These studies indicate that the strength of the aortic wall can be predicted from its stiffness non-invasively. We previously obtained mechanical properties of aneurysmal tissues by pressure-imposed test, and found that a yielding parameter τ σ , which was an index of stress at which the tangent elastic modulus reaches at 63% of the plateau level, had a significant correlation with tensile strength. (4) This indicates that the yielding parameter τ σ may enable us to estimate the strength of aortic walls. However, we had not understood why the yielding parameter correlated significantly with the strength and what happened in the intramural structure when the stress in the aortic wall reached τ σ .
It is widely accepted that the abrupt increase in the slope of stress-strain curve of the aorta is caused by intramural collagen fibers, i.e., stiff collagen fibers gradually become taut and start contributing to the load bearing. Actually, wavy collagen fibers became straight when aortic tissues were stretched (7) and collagen fibers did not show definite overall arrangement at 50 mmHg but were circumferentially oriented over 100 mmHg of internal pressure load (8) . Since the yielding parameter τ σ is stress at which the tangent elastic modulus reaches at 63% of the plateau level with the increase in the stress, the collagen fibers in the aorta may influence the yielding parameter.
In this study, we evaluated the degree of alignment of intramural collagen fibers during uniaxial tensile test under a microscope. We firstly confirmed the correlation between the tensile strength and mechanical parameters including the yielding parameter. The stress at which all collagen fibers were aligned was then compared with the yielding parameter.
Materials and methods

Specimens
Six porcine thoracic aortas (PTAs) were obtained from a local slaughter house (Nagoya City Central Wholesale Market). After loose connective tissues including adventitia were carefully trimmed off, the aortas were cut into rectangular specimens (5 mm in the longitudinal and 15 mm in the circumferential directions). The rectangular specimens were embedded in a 6% w/w agar solution, incubated for 20 min at 4°C to complete its solidification, and sliced into 150-µm-thick sections perpendicular to the longitudinal axis of the aorta with a microslicer (DTK-1000, Dosaka EM, Kyoto, Japan) in a phosphate buffered saline solution. The section was then immersed in 10 µg/mL Hoechst 33342 solution (Invitrogen, Life Technologies, Carlsbad, CA, USA) for 30 min to stain the cell nuclei as strain markers. Four specimens were obtained from each aorta.
Uniaxial tensile tester
The specimen was stretched with a uniaxial tensile tester which was originally made in our laboratory. (9) Briefly, two ends of a specimen were glued on two separate lever arms, which were mounted on a linear guide with an oppositely threaded screw driven by a stepping motor. The lever arms moved to opposite direction to each other with this guide to keep the center part of the specimen inside the field of view. Each arm had a laboratory-made cantilever-type load cell to measure tensile load applied to the specimen. The load cell was fabricated by applying four strain gauges on a stainless plate. Data measured with the strain gauges were recorded with a data acquisition system (DAQCard-1200, National Instruments, Austin, TX, USA) on a personal computer.
Measurement of mechanical properties and collagen fiber alignment
The specimens and the tester were placed on a fluorescent inverted microscope (IX71, Olympus Tokyo, Japan). A glass-bottom dish containing a phosphate buffered saline solution was placed on the stage of the microscope and specimen was immersed in the solution. The specimen was then stretched gradually in circumferential direction. The stress was taken as 0 when 1.6 mN (0.01V) of the force was applied to the specimen. To quantify the alignment of the collagen fibers in the aorta, retardance, a phase shift when polarized light passes through a birefringent material, was measured. Since retardance in an area, in principle, increases when birefringent material like collagen fibers is aligned more, retardance was measured as a degree of alignment of collagen fibers. A retardance image of the specimen was captured with a charge-coupled device (CCD) camera equipped with birefringence imaging system, pol-scope (Abrio-LS, CRi, Woburn, MA, USA), (10) under the microscope. We confirmed that the retardance of the aorta was originated mainly from intramural collagen. (11) To measure strain, a fluorescent image of cell nuclei stained with Hoechst 33342 was also captured with the CCD camera. Both of the lever arms were moved by 0.1 mm to stretch the specimen stepwise in 1 s. Since the measured force decreased asymptotically to a limiting value, we waited for ~30 s, at which the difference between the force and the limiting value was less than 10% of the difference between the force immediately after stretching and the limiting value. The retardance and fluorescent images were then acquired. These steps of capturing and stretching were repeated until specimen failure.
Analysis of mechanical properties and degree of alignment of collagen fiber
The aortic specimens were assumed to be elastic and incompressible in the following analysis. The obtained images during tensile test were analyzed with image analysis software ImageJ 1.42i (National Institutes of Health, Bethesda, MD, USA). Two adjacent cell nuclei in almost the same radial position of the aorta were tracked with a particle tracking tool (MTrackJ (12) ), and changes in distance between the cell nuclei during stretching were measured for calculation of the nominal strain ε. The nominal strains from five pairs of cell nuclei locating at different radial positions were averaged. The distribution of retardance was heterogeneous perhaps because either or both the local collagen volume and alignment of collagen fibers were not uniform. Thus, for a retardance image, an area with 200 μm in the circumferential direction and whole wall thickness in the radial direction was cropped, and average retardance Ret was measured for the area.
True normal stress σ in the tensile direction was calculated as the tensile force divided by the cross sectional area of the specimen at each strain, which was determined from cross sectional area at no load and tensile strain assuming the incompressibility of the wall material. The tensile strength σ MAX was determined as the maximum value of stress σ during the tensile test.
Tangent elastic modulus H was calculated as the slope of σ-ε curve. Yielding parameter τ σ was determined as the previous study (4) as follows: where C σ is the asymptotic value of the tangent elastic modulus, and α a fitting constant. The parameter τ σ is thus an index of stress at which the H-σ curve reaches at 63% of the plateau level, i.e., the wall material yields to stress, called yielding parameter.
As an index that collagen fibers are recruited into load bearing, Groenink et al. (13) used a collagen recruitment pressure obtained from pressure-diameter curves of the aortas. However, in the present study, we determined collagen recruitment stress σ Col-recruit as an index that collagen fibers are recruited into load bearing: two linear regression lines were separately fitted to the initial and the last five points of stress-strain plots, and the stress at which the two lines cross each other was determined as the collagen recruitment stress σ Col-recruit (see Fig. 1(a) as an example).
The retardance becomes almost stabilized when all the collagen fibers become straight. We used the stress at which stress-retardance curve reached a plateau as an index that all the collagen fibers become straight. To determine the stress precisely, the ratio of the increase in retardance to the increase in stress ΔRet/Δσ were plotted against stress σ, and ΔRet/Δσ-σ curve was fitted with two linear regression lines drawn to the curve:
where β and γ are fitting constants. The stress at which the two linear lines crossed each other was determined as the retardance plateau stress σ Ret-plateau (see Fig.3(b) as an example).
Statistics
Association between two variables was assessed by the correlation coefficient r, and the statistical significance of correlation coefficient was determined using the Student's t-test. A paired t-test was used to detect differences between the yielding parameter and the collagen recruitment stress (τ σ -σ Col-recruit ) and between the yielding parameter and the retardance plateau stress (τ σ -σ Ret-plateau ). Data are expressed as mean ± standard deviation. All hypothesis tests were performed using a significance level of p = 0.05. Figure 1a shows typical stress-strain plots of a specimen of porcine thoracic aorta. A significant nonlinear relationship was found as reported in many studies. Tensile strength σ MAX was 2.65 ± 0.70 MPa (n = 24), which was comparable to that reported previously (2.7 ± 1.5 MPa (13) ). Collagen recruitment stress σ Col-recruit was 0.19 ± 0.03 MPa (n = 24).
Results
Mechanical properties
From the stress σ-strain ε curve, the tangent elastic modulus H-stress σ relationship was obtained (Fig. 1b) . Tangent elastic modulus H increased with the increase in the stress σ and achieved a plateau as previously reported.
The resultant yielding parameter τ σ was 0.71 ± 0.24 MPa (n = 24). Figure 2 shows typical retardance images of a specimen during uniaxial stretch. The retardance Ret increased as the specimen was stretched. This may indicate that the crimp of collagen fibers in the aorta was disappeared and collagen fibers were aligned. Figure 3a shows a typical graph of a retardance-stress (Ret-σ) curve. The retardance Ret increased with the increasing in the stress σ at low stress and reached a plateau at around σ = 0.8 MPa.
Changes in collagen alignment
To precisely confirm that the retardance reached the plateau, slope of the retardance-stress curve was analyzed. Figure 3b shows plots between the slope of retardance-stress curve ΔRet/Δσ and the stress σ. The slope ΔRet/Δσ decreased and reached almost a constant value with the increase in the stress. The retardance plateau stress σ Ret-plateau at which the retardance reached the plateau was 0.75 ± 0.20 MPa (n = 24). Figure 4a shows the relationship between the tensile strength and yielding parameter. The tensile strength σ MAX correlated significantly with the yielding parameter τ σ (r = 0.49, p < 0.005, n = 24) as reported previously. In addition to the yielding parameter τ σ , other parameters were compared with the tensile strength σ MAX . The tensile strength σ MAX correlated significantly with both the collagen recruitment stress σ Col-recruit (r = 0.65, p < 0.001) (Fig. 4b) and the retardance plateau stress σ Ret-plateau (r = 0.78, p < 0.001) (Fig. 4c). 
Comparison between the tensile strength and other parameters
Comparison between the yielding parameter and parameters of collagen alignment
The main purpose of the present study is to elucidate the relationship between degree of alignment of the collagen fibers in the aorta and the yielding parameter τ σ . Figure 5 shows the relationship between the yielding parameter τ σ and the collagen recruitment stress σ Col-recruit (a), between the yielding parameter τ σ and the retardance plateau stress σ Ret-plateau (b). The yielding parameter τ σ correlated significantly with both the collagen recruitment stress σ Col-recruit (r = 0.56, p < 0.005) and the retardance plateau stress σ Ret-plateau (r = 0.46, p < 0.05). The yielding parameter τ σ corresponds to the stress at which the stress-tangent elastic modulus curve reaches at 63% of the plateau level. To evaluate the alignment of the intramural collagen at the stress τ σ , the yielding parameter τ σ was compared with both the collagen recruitment stress σ Col-recruit and the retardance plateau stress σ Ret-plateau (Fig. 6) . The retardance plateau stress σ Ret-plateau was comparable to the yielding parameter τ σ (p = 0.31), while the collagen recruitment stress σ Col-recruit was significantly smaller than the yielding parameter τ σ (p < 0.001). These results indicate that the aortic wall yields when all of collagen fibers become straight.
Discussion
We previously found that failure strength of aortic tissues correlated significantly with their intramural stress when stress-tangent elastic modulus curve reached at 63% of the plateau level, and called it the yielding parameter. This correlation is useful because the yielding parameter can be used for the estimation of tensile (= failure) strength. Although the previous study did not state the mechanism of the relationship between the yielding parameter and the tensile strength, this study gives a possible explanation for the correlation based on the observation of the alignment of intramural collagen fibers. Figure 7 illustrates a schema for the relationship between the degree of alignment of the collagen fibers and mechanical properties. At no load state, collagen fibers are crimped as stated previously (7) (A in Fig. 7 ). When intramural stress reaches the collagen recruitment stress σ Col-recruit , the retardance still continues to increase as a whole, indicating that not all the collagen fibers have been aligned, or not all the crimp of the collagen fibers have disappeared (B in Fig. 7 ). When intramural stress reaches the retardance plateau stress σ Ret-plateau , the retardance reaches the maximum value, indicating that all the collagen fibers are stretched (C in Fig. 7 ). For intramural stress larger than τ σ , all collagen fibers should be stretched. Since the stress-strain curve of collagen itself was linear, (14) the tangent elastic modulus H of the aorta should reach a plateau for the stress region. The parameter τ σ , therefore, should be equivalent to the σ Ret-plateau .
The degree of alignment of collagen fibers in aorta may answer the question why the yielding parameter τ σ had a significant correlation with the tensile strength. As illustrated in C in Fig. 7 , the yielding parameter τ σ is considered to be the stress when all the collagen fibers are stretched. It is reasonable that when all the collagen fibers are stretched at smaller stress, all the collagen fibers bear load at smaller stress, resulting in that the collagen fibers reach tensile strength at smaller stress. Namely, small yielding parameter τ σ results in the small tensile strength σ MAX and large yielding parameter τ σ results in the large tensile strength σ MAX . This seems to be the reason for the significant correlation between the yielding parameter τ σ and the tensile strength σ MAX . Fig. 7 . Schema of proposed mechanism of the relationship between the yielding parameter and alignment of collagen fibers in the aorta.
The tensile strength σ MAX correlated significantly with the yielding parameter τ σ as previously reported. (4) It should be noted that the correlation was obtained by a uniaxial tensile test in the circumferential direction in this study, while it was obtained by a pressure-imposed test, i.e., biaxial stretch in the previous study. (4) Although the test methods differed, the effect of the difference on the relationship between the yielding parameter τ σ and the tensile strength σ MAX was negligibly small.
In addition to the yielding parameter τ σ , the collagen recruitment stress σ Col-recruit correlated significantly with the tensile strength σ MAX . This indicates that the tensile strength σ MAX can be estimated from the collagen recruitment stress σ Col-recruit . At circumferential strains corresponding to systolic (ε ~ 0.2) and diastolic (ε ~ 0.35) pressures (15) , stresses in this study were σ = 0.08 ± 0.02 MPa and σ = 0.17 ± 0.03 MPa, respectively. Thus, the collagen recruitment stress σ Col-recruit was much closer to the stress in in vivo pressure than to yielding parameter τ σ . However, it is unknown whether such a correlation between the σ Col-recruit and the σ MAX exists for the aneurysmal tissues. Although we previously obtained stress-strain relationship from the human thoracic aortic aneurysms, the data at small stress, which is necessary to obtain the collagen recruitment stress σ Col-recruit , were not enough because we did not focus on the mechanical properties at low stress. For the estimation of the tensile strength from the collagen recruitment stress σ Col-recruit for aneurysmal tissues, further investigation will be required.
Since the tensile strength correlated significantly with the retardance plateau stress σ Ret-plateau. , observation of collagen fibers can be used to estimate the tensile strength of aortic tissues. However, the observation of collagen in vivo seems to be difficult. Retardance was measured with transmitted light in this study, which cannot be used in vivo. The polarization-sensitive optical coherence tomography, which visualizes a cross-sectional and three-dimensional structure of a biological tissue, might be useful for observing the intramural collagen fibers if the optical coherence tomography system was successfully incorporated into an intravascular catheter. However, measurement with an intravascular catheter is an invasive method. It is much easier to measure the yielding parameter than to visualize intramural collagen fiber alignment to estimate the strength of the aorta.
Retardance seemed to be higher near the intima than the adventitia in Fig. 2 . We divided specimens into five regions in radial direction with equal length, and compared average retardance among the regions just before failure. The retardance in the sub-intimal region was significantly higher than other regions, and no significances were found among others. At stress-free state, specimen showed slightly curved morphology, i.e., intimal side was concave and adventitial side was convex. When these specimens were stretched, intimal side was stretched more than adventitial side. This might be a reason for the higher retardance at intimal side.
Although the aorta has been considered as incompressible material, the specimen thickness decreased only approximately 10% at strain of about 0.7 (Fig. 2) . Since the both ends of specimens were glued with adhesive, their fixed condition might inhibit the decrease in thickness.
In summary, alignment of intramural collagen fibers in a porcine thoracic aorta was evaluated during uniaxial tensile test under a microscope. The tensile strength correlated significantly with the yielding parameter, which was the stress when stress-tangent elastic modulus curve reached a plateau. The yielding parameter correlated significantly with and comparable to the retardance plateau stress, which was the stress when stress-retardance curve reached a plateau. It is reasonable to consider that the tensile strength is small when all the collagen fibers bear load at smaller stress, i.e., small yielding parameter τ σ results in the small tensile strength σ MAX and large yielding parameter τ σ results in the large tensile strength σ MAX . This seems to be a reason for the significant correlation between the yielding parameter and the tensile strength.
